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ABSTRACT
The number and distribution of dwarf satellite galaxies remain a critical test of cold dark matter-
dominated structure formation on small scales. Until recently, observational information about galaxy
formation on these scales has been limited mainly to the Local Group. We have searched for faint
analogues of Local Group dwarfs around nearby bright galaxies, using a spatial clustering analysis of
the photometric catalog of the Sloan Digital Sky Survey (SDSS) Data Release 8. Several other recent
searches of SDSS have detected clustered satellite populations down to ∆mr ≡ (mr, sat−mr,main) ∼ 6–
8, using photometric redshifts to reduce background contamination. SDSS photometric redshifts are
relatively imprecise, however, for faint and nearby galaxies. Instead we use angular size to select
potential nearby dwarfs, and consider only the nearest isolated bright galaxies as primaries. As a
result, we are able to detect an excess clustering signal from companions down to ∆mr = 12, four
magnitudes fainter than most recent studies. We detect an over-density of objects at separations
< 400 kpc, corresponding to about 4.6± 0.5 satellites per central galaxy, consistent with the satellite
abundance expected from the Local Group given our selection function. Although the sample of
satellites detected is incomplete by construction, since it excludes the least and most compact dwarfs,
this detection provides a lower bound on the average satellite luminosity function, down to luminosities
corresponding to the faintest “classical” dwarfs of the Local Group.
Subject headings: cosmology: dark matter – galaxies: dwarf — galaxies: formation — galaxies: groups:
general — galaxies: luminosity function — Local Group
1. INTRODUCTION
One of the great challenges of cosmology is to explain
the range of galaxy properties observed in the present-
day universe. Galaxy formation has long been expected
to have a natural cutoff on small scales, as gas cool-
ing becomes inefficient at the low virial temperatures
expected in small structures. This argument provided
the original framework for understanding why individ-
ual galaxies have the range of masses and sizes they do,
with fairly well defined upper and lower limits (Silk 1977;
Rees & Ostriker 1977; White & Rees 1978). The subse-
quent development of cosmological models dominated by
cold dark matter (CDM) made the argument more pre-
cise; the basic framework for CDM galaxy formation,
as outlined in White & Frenk (1991), combines hierar-
chical structure formation in the dark sector with the
physics of gas cooling and star formation in the bary-
onic sector. In the two decades since this picture was
introduced, it has become increasingly clear that the
mass function of dark matter halos predicted by CDM
models is very different from the galaxy luminosity func-
tion observed in the field (e.g. Kauffmann et al. 1993;
Klypin et al. 1999; Moore et al. 1999; Benson et al. 2003;
Behroozi et al. 2012). In particular, if the universe is
full of the small-scale structure predicted in CDM mod-
els, most of this structure must remain unilluminated by
stars.
While the existence of a lower cutoff scale for galaxy
formation is clear, the detailed nature of the cutoff is
much less so. In principle, the cutoff scale could be sharp
and well-defined, such that all halos above some mass and
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none of the halos below that mass are occupied by galax-
ies. Alternately, it could be that star formation gradually
dies out over a broad range of halo mass. In the latter
case, we can think of galaxy formation on small scales
as being stochastic, either in the sense that it is truly
random, or in the sense that that it is determined by one
or more ‘hidden’ variables other than mass. There are
several plausible candidates for a hidden variable con-
trolling galaxy formation, including merger history, age,
environment, or star-formation history.
The least massive galaxies we know of are dwarf satel-
lites of the Milky Way or the Andromeda galaxy (M31),
located within a few hundred kiloparsecs of us. In
the CDM model they should correspond to subhalos
within the larger dark matter halos of the two main
galaxies of the Local Group. The correspondence be-
tween galaxies and CDM structure is particularly puz-
zling on these scales, however. The velocity disper-
sions of the Local Group satellites suggest that at least
some of them may occupy relatively low-mass subhalos,
but simulations predict many more subhalos on these
scales than there are known satellites (Moore et al. 1999;
Klypin et al. 1999). Is this an indication of stochastic-
ity in dwarf galaxy formation? If all the CDM structure
predicted by simulations is truly present in the halo of
the Milky Way, what sets apart the few subhalos where
dwarf satellites have formed? The paucity of observed
dwarf satellites has been called the “missing satellite”
problem, but in a sense it is the opposite. Given the
many mechanisms at work to suppress galaxy forma-
tion on small scales – supernova feedback (Dekel & Silk
1986; Mashchenko et al. 2008; Governato et al. 2010),
reionization (Efstathiou 1992; Barkana & Loeb 1999;
Bullock et al. 2000; Gnedin & Kravtsov 2006), ‘ha-
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rassment’ (Moore et al. 1996), ram-pressure stripping
(Gunn & Gott 1972; Nichols & Bland-Hawthorn 2011)
and/or tidal forces (Taylor & Babul 2001; Mayer et al.
2006;  Lokas et al. 2012) – the real question is perhaps,
why do we see any dwarf satellites at all?
A major obstacle to resolving the missing satellite
problem conclusively is the absence of data for a greater
number of groups. Our only reasonably complete sam-
ples of brighter satellites are around the two main galax-
ies of the Local Group, or a handful of other nearby
systems (Karachentsev 2005). In the case of the ex-
tremely low surface-brightness ‘ultra-faint’ dwarfs with
MV . −8 (Willman et al. 2005; Belokurov et al. 2006;
Zucker et al. 2006), only the Milky Way’s population is
known, and even it is likely to be significantly incom-
plete (Koposov et al. 2008; Tollerud et al. 2008). This
raises the question of how representative the Milky Way
or Local Group satellite populations are.
In particular, there has been much recent discussion
of the relative frequency of bright satellites such as the
LMC, SMC, M33, or M32, and what this implies about
the Local Group. An excess of bright satellites rela-
tive to model predictions was noted even in early semi-
analytic models of the Local Group (e.g. Benson et al.
2002). More recently, numerical simulations indicated
that galaxies like the Milky Way should only very rarely
host a pair of satellites as massive or bright as the Mag-
ellanic Clouds (Boylan-Kolchin et al. 2010; Busha et al.
2011; see also Gonzalez et al. 2013). It has now been con-
firmed by several observational studies that the Milky
Way is indeed unusual in this respect (James & Ivory
2011; Liu et al. 2011; Robotham et al. 2012 – although
see also Tollerud et al. 2011). The two Magellanic
Clouds are also on similar orbits and probably fell in
together; they may have once formed a group including
other Milky Way satellites (Lynden-Bell & Lynden-Bell
1995; Nichols et al. 2011; Sales et al. 2011). Very re-
cently, a similar orbital grouping has been discovered
around M31 (Ibata et al. 2013). In short, both of the two
main Local Group satellite systems appear to have their
idiosyncrasies. The models invoked to explain the abun-
dance of satellite galaxies, however, normally assume the
Local Group populations are typical, so this an impor-
tant assumption to verify.
Beyond average numbers, one might also wonder what,
if any, is the relationship between the properties of the
satellite population and the properties of the primary
galaxy they orbit, e.g. its total stellar mass, morphol-
ogy, or recent merger history. To address this issue it
is important to find Local Group analogues, isolated
bright galaxies with populations of dwarf galaxies that
are well-enough sampled to determine their clustering
scale length, the amplitude of the satellite luminosity
function, and the distribution of dwarf colours, morphol-
ogy and other properties, information we have so far only
for the Local Group dwarfs.
There has been much recent progress identifying satel-
lites around normal galaxies. The easiest to study
are bright companions like the Magellanic Clouds, M33
or M32, which are only 3–4 magnitudes fainter than
their primaries (e.g. Liu et al. 2011; Prescott et al. 2011;
Sales et al. 2013; Guo et al. 2012 – see Wang & White
2012 for earlier references). Fainter satellites have also
been detected statistically using large-area ground-based
surveys, as an excess of faint objects clustered around a
population of brighter primary galaxies (Carlberg et al.
2009; Lares et al. 2011; Guo et al. 2011; Wang & White
2012; Jiang et al. 2012; Strigari & Wechsler 2012). Fi-
nally, space-based imaging has allowed these searches
to be extended to higher redshift. In recent work, for
instance, Nierenberg et al. (2011, 2012) have detected
satellites extremely close to central galaxies, by selecting
smooth early-type galaxies as primaries and subtracting
from the image a model fit to their light.
So far, most of these studies have considered large but
relatively distant samples of primaries, selected in all but
a few cases from the Sloan Digital Sky Survey (SDSS –
York et al. 2000). As a consequence, measurements of
the satellite luminosity function have generally been lim-
ited to satellites 6–8 magnitudes fainter than their pri-
mary (corresponding to r-band magnitudes Mr = −14
to −12). The missing satellite problem becomes most
severe further down the luminosity function, however, so
it is important to seek out fainter satellites in a large
sample of nearby systems. In particular, searches for
companions should target primary galaxies at distances
intermediate between those of the few nearest groups
(5Mpc or less) and those typical of SDSS samples (200–
400Mpc or more, e.g. Lares et al. 2011; Guo et al. 2011;
Strigari & Wechsler 2012).
In this paper, we search for excess clustering of SDSS
galaxies around a sample of primary galaxies within
42Mpc of us. At these very small distances, we can use
size cuts to eliminate many of the more distant back-
ground galaxies, making the selection of local dwarf can-
didates relatively efficient. The proximity of these galax-
ies also allows us to probe the satellite luminosity func-
tion 4–5 magnitudes below most previous results. The
outline of the paper is as follows. In section 2 we de-
scribe our primary and satellite samples; in section 3 we
measure the clustering signal and explore its dependence
on primary luminosity and morphology, and in section
4 we determine the relative luminosity function per pri-
mary. In section 5 we summarize our results and discuss
the prospects for future searches using data from deeper
surveys.
2. THE SAMPLES
Our goal is to find faint satellites around systems
roughly comparable to the primaries of the Local Group,
and thus we want to search around nearby primaries
with luminosities and/or stellar masses comparable to
the Milky Way and M31. Furthermore, the primary
sample must overlap with a large-area survey such as
the SDSS, and contain enough galaxies to obtain rea-
sonable statistics. A recent catalogue that satisfies these
requirements is the parent catalogue of the Atlas-3D sur-
vey (Cappellari et al. 2011). We discuss this primary
sample, and our construction of a background/satellite
sample, below.
2.1. Primaries
Our sample of primary galaxies is drawn from the At-
las3D parent catalogue of Cappellari et al. (2011). The
Atlas3D survey targeted nearby, bright early-type galax-
ies. These were selected from a larger parent sample
of bright elliptical, S0, and spiral galaxies that was
designed to be volume-limited above a certain stellar
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mass. The parent sample was constructed usingKs-band
magnitudes from the 2-Micron All-Sky Survey (2MASS;
Skrutskie et al. 2006), and the best distance estimates
available from the literature. Given these distance esti-
mates, the parent catalogue is complete down to MKs =
−21.5 out to a distance of 42Mpc, corresponding to a
stellar mass limit of M⋆ ≥ 6 × 10
9M⊙. It covers 37% of
the sky, corresponding to a volume of 1.16 × 105Mpc3
out to 42Mpc. The full catalogue contains 871 galaxies,
including 68 ellipticals, 192 S0s, and 611 spirals
Many of the galaxies in the parent sample are mem-
bers of nearby galaxy clusters such as Virgo. In order to
restrict our search to systems more analogous to the Lo-
cal Group, we apply an isolation criterion to the parent
sample. First, we remove M31 from the sample, since
it is so nearby that its projected virial radius overlaps
with many background systems. We then make a series
of isolation and quality control cuts on the sample:
1. We remove any member of the sample that is within
a (3-D) distance of 1.5Mpc of another member.
This reduces the catalogue to 356 galaxies, and ex-
cludes most cluster members.
2. We remove objects that are not in the SDSS foot-
print, or are in badly masked regions or regions of
incomplete coverage. This reduces the sample to
282 galaxies.
3. We remove a further 5 galaxies which are within 5◦
of the centre of the Virgo cluster in projection, and
3 galaxies which are within 3◦ of the centre of the
Coma or Leo clusters.
After making these cuts, we are left with 274 primaries,
all isolated massive galaxies within 42Mpc with good
coverage in SDSS.
The Atlas3D catalogue provides distances, morpholog-
ical T-types, and (2MASS) Ks magnitudes for the sam-
ple. We also obtain total r-band magnitudes from SDSS
where possible. In cases where the latter are poorly
determined due to the size or brightness of the galax-
ies, we estimate the total r magnitude from the RC3 B
magnitude (de Vaucouleurs et al. 1991) using the colour
conversions and mean colours for different morphologi-
cal types given in Fukugita et al. (1995), or we use the
2MASS Ks magnitude and assume the r −Ks colour is
equal to the mean of the entire sample, r − Ks = 2.9.
The dispersion in r −Ks colour for the sample is ±0.9,
so this gives an indication of the possible uncertainty in
the final r magnitude for these systems.
The primary Ks magnitudes range from −21.5 to
−25.6, with an average value 〈MK〉 = −22.88. Given
that the absolute magnitude of the Sun in the Ks band
is estimated to be MK,⊙ = 3.29 (Blanton & Roweis
2007), the primary luminosities range from 8.2 × 109
to 3.6 × 1011LK,⊙, with an average of 2.9 × 10
10LK,⊙.
Williams et al. (2009) derive a mean Ks-band mass-to-
light ratio of (M/L)Ks = 1.09 for a sample of 14 S
and S0 galaxies, with a rms scatter of 30%. The ap-
propriate value for ellipticals may be slightly higher, al-
though it shows little systematic variation with colour
in the sample of Williams et al. (2009). We conclude
that our primaries have a mean stellar mass of ∼ 3–
3.5 × 1010M⊙, with a range of 1 × 10
10M⊙ to 4 ×
1011M⊙. Using the stellar-to-halo-mass ratio determined
by Leauthaud et al. (2012) from a combination of galaxy-
galaxy lensing, clustering and abundance matching, this
should correspond to an average halo mass of 1×1012M⊙,
and a range from 4 × 1011M⊙ to 1 × 10
14M⊙ or more.
The abundance matching model of Guo et al. (2010) also
predicts similar values. We note that our isolation cri-
teria will remove galaxies in the most massive systems
from the primary sample; as a result we expect our most
luminous systems to occupy halos with masses of a few
times 1013M⊙ or less. The corresponding virial radii for
our sample in a concordance Λ-CDM cosmology range
from 200–600kpc, or 0.39◦–1.15◦ at 29.7Mpc, the mean
distance to our primaries.
2.2. Satellites
Around our final sample of primaries, we search for
potential satellites at projected separations up to 1Mpc
(corresponding to 2.86◦ at a distance of 20Mpc, or 1.43◦
at 40Mpc). In principle, we could apply a cut on
photometric redshift to keep only those objects likely
to be close to our primary sample, which extends out
to z ∼ 0.01. In practice, SDSS photometric redshifts
have large uncertainties over the redshift and magnitude
ranges of interest; after examining the photometric red-
shift estimates of objects at known distances, we choose
to make a relatively conservative cut at zphot = 0.15. We
use an SQL query of the SDSS Catalogue Archive Server2
to retrieve any object that is within 1Mpc projected sep-
aration from a primary galaxy and has a photometric
redshift of 0.15 or less.
Regions of SDSS DR8 have been masked due to halos
from bright stars or other artifacts. In order to obtain
reliable background statistics, such as galaxy counts in
circular annuli, it is necessary to identify the boundaries
of masked regions and correct for the section of each
annulus that has been cut out of the data. To detect
masked regions automatically, we construct a square grid
covering each field and search for cells devoid of catalogue
objects. The cell size is chosen so that each cell should
contain 4 objects on average, in the case of a uniform
distribution. Masked sections are identified as sets of
two or more adjacent cells that contain no objects. Once
a masked section is detected, any adjacent empty cells
are added to it to find the total extent of the masked
region.
For objects in the vicinity of each primary, we record
magnitude and size. SDSS provides several measures of
galaxies’ apparent magnitudes. Of these, we use com-
posite model (cmodel) magnitudes. These are calculated
from exponential and de Vaucouleurs fits in each pho-
tometric band, using the linear combination of the two
that best fits the image. Strauss et al. (2002) report
that cmodel magnitudes are less dependent on local see-
ing variations than other measures, and are thus a good
proxy to use as a universal magnitude for all types of
objects. These magnitudes are extinction corrected; we
do not K-correct them since the sample is local. For size,
we use the exponential scale radii provided by SDSS to
quantify galaxy size.
In order to reduce the background of distant galaxies
included in the satellite sample, the SDSS data are cut
2 CAS – http://skyservice.pha.jhu.edu/casjobs
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by magnitude, colour and size:
1. First, since the limiting r-band photometric mag-
nitude in SDSS is about 22, galaxies that appear to
be dimmer than this, or brighter than an apparent
magnitude of mr = 10, are eliminated as well.
2. Second, we apply a colour cut, removing any ob-
jects with extreme colours and restricting our sam-
ple to galaxies with
−1 ≤ (g − r) ≤ 0.85 .
This corresponds broadly to the colour range of
local galaxies, allowing for large errors in colour at
faint magnitudes.
3. The most important cut on the data is a
magnitude-dependent size cut. Only galaxies with
exponential scale lengths rexp and magnitudes mr
such that:
24−
rexp
1′′
< mr < 30−
rexp
1′′
(1)
are included in the sample, while larger and smaller
objects are excluded. This cut has the effect of
removing 98% of the remaining background.
Local Group dwarfs are assumed to be indicative of
the satellites we expect to find around our primaries.
To test our cuts, we define a ‘Local Group comparison
sample’. This consists of all the known members of the
Local Group that would pass our cuts in size, magni-
tude, and colour, if they were observed from a distance
of 25Mpc away. (We note that the inventory of Lo-
cal Group members is likely to be incomplete at the
faint end, at large galactocentric distances, and/or at
low latitudes (Koposov et al. 2008; Tollerud et al. 2008;
McConnachie 2012), but these problems affect mainly
the faintest objects, with MV . −10.) Numbers in the
comparison sample are divided by two, since there are
two bright primaries contributing to the Local Group
population. We refine our cuts using this sample; in par-
ticular the parameters in our size-magnitude cut (equa-
tion 1) were determined iteratively, so as to maximize
the contrast between the SDSS field population and the
Local Group comparison sample.
3. THE CLUSTERING SIGNAL
We search for a satellite population by measuring
the clustering of objects in the background catalogue
with respect to our primaries. Our method is simi-
lar to that in other recent studies (e.g. Liu et al. 2011;
Lares et al. 2011; Guo et al. 2011). Possible systematics
have been considered in detail by Chen et al. (2006) and
Wang & White (2012).
3.1. Results for the Full Sample
After the background catalogue is filtered using the
cuts described above, we calculate projected separations
Rp from the central primaries in linear units at the dis-
tance of the primary. Galaxies are binned by separation
from the primary in bins of width 50 kpc, and the area
on the sky in an annulus corresponding to each separa-
tion bin is calculated. We correct these areas for mask-
ing, as described above. In each bin, we calculate the
surface density of galaxies Σ, and the density contrast
relative to the background density Σ, δΣ ≡ (Σ/Σ) − 1.
We estimate the background density using a set of outer
annuli with projected separations Rp = 0.5–1Mpc. We
note that the innermost annulus (Rp = 0–50kpc) may be
contaminated by bright globular clusters or HII regions
associated with the primary, and faint objects close to
bright, extended ones can also have systematic errors in
their SDSS photometry (Wang & White 2012); thus we
will exclude this bin when calculating the cumulative ex-
cess within a given projected radius.
Figure 1 shows the surface density contrast as a func-
tion of projected separation. A positive contrast, corre-
sponding to an over-density of objects at projected sep-
arations Rp ≤ 400kpc, is detected at S/N ∼ 9. The
rms scatter in the background surface density is shown
as the grey shading in the left-hand panel. We also plot
the corresponding surface density contrast for the Local
Group comparison sample (dashed red line in the left-
hand panel). We see the detected excess is comparable
to that expected for a system like the Local Group, ex-
ceeding it slightly at large radii (200–400kpc). (Some
of the contribution from large radii may come from sys-
tems more massive than the MW or M31, as dicussed in
section 3.2 below.)
In the right-hand panel of Fig. 1, we plot the pro-
jected density contrast on a logarithmic scale, to em-
phasize the radial dependence. The mean logarithmic
slope is m ≡ d ln δΣ/d ln r = −0.98 ± 0.08, consis-
tent with a projected isothermal profile (m = −1),
but also with a projected NFW profile (dashed blue
curve). This is roughly as expected if satellites trace
the mass of the halo surrounding each primary, although
previous work indicates that the radial profile will de-
pend on the details of the primary and satellite sam-
ples (Lorrimer et al. 1994; Chen et al. 2006; Chen 2008;
Jackson et al. 2010; Sales et al. 2011; Lares et al. 2011;
Tal et al. 2012; Nierenberg et al. 2011; Jiang et al. 2012
– see Guo et al. 2012 and Nierenberg et al. 2012 for re-
cent discussions).
The average excess satellite count per primary in the
radial bin b, ∆N b, is determined as:
∆N b =
1
Ngal
(
N binner −
Abinner
Aouter
Nouter
)
(2)
Where Ngal is the total number of primaries, N
b
inner is
the number of galaxies in inner bin b, Abinner is the an-
nulus area in bin b in the inner region, Aouter is the
total area of the outer region, and Nouter is the num-
ber of galaxies in the outer region. The inner bins range
from 50–500 kpc in projected radius around each pri-
mary, while the outer region is the annulus ranging from
0.5 to 1 Mpc in each case. The error in the final count per
primary is calculated assuming Poisson errors on N binner
and Nouter and using the usual rules for error propaga-
tion; we ignore any contribution from uncertainties in
the areas Abinner and Aouter which might arise from our
masking corrections, as these are typically negligible.
The background correction −(Abinner/Aouter)Nouter
represents the mean surface density of the outer regions
(Rp = 0.5–1 Mpc). Subtracting this term should remove
both the contribution from uncorrelated galaxies and
the contribution from large-scale (“two-halo”) clustering,
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Figure 1. Left: The surface density contrast profile for the full sample. Grey shading indicates the rms scatter in the background surface
density. The dashed line indicates the surface density of the Local Group comparison sample (see text), averaging over 3 projections.
Horizontal error bars indicate bin widths, while vertical error bars indicate the uncertainty in δΣ, assuming Poisson errors in the galaxy
counts. Right: The inner bins on a logarithmic scale, to highlight the radial dependence of the density excess. The solid line shows a linear
fit to the inner bins of slope m = −0.98± 0.08; the dashed curve shows a projected NFW profile of concentration c = 10.
which dominates on scales of a few Mpc (e.g. Liu et al.
2011). There has been some discussion of whether using
a locally determined background in clustering measure-
ments introduces bias and/or reduces the signal-to-noise
(Wang & White 2012). We have tested the effect of de-
termining the values of Aouter and Nouter individually
for each primary, or calculating an average background
for all primaries first, and then scaling and subtracting
this following Eqn. 2. We find that the clustering signal
is very similar and the differences minor in both cases.
The signal-to-noise is marginally higher using an aver-
age background, so we have used this method in what
follows. We also note that the inner edge of our back-
ground region may overlap slightly (∼ 15% in projected
area) with the virial volume for the few most massive
primaries in our sample, so the excess counts may be
slightly underestimated for these objects.
Figure 2 shows the excess counts per bin (top panel),
the cumulative excess within a given radius (middle
panel), and the signal-to-noise ratio of the cumulative de-
tection (bottom panel). Errors on the cumulative counts
are simply the errors on individual bins, added in quadra-
ture. The signal-to-noise ratio we define as the cumu-
lative excess within some radius, divided by its error.
In calculating the cumulative counts and signal-to-noise,
we exclude the innermost bin (Rp =0–50kpc) to avoid
contamination from the primary, as discussed previously.
Integrating out to Rp = 400 kpc where we reach the best
signal-to-noise, we find a net excess of 4.65± 0.53 satel-
lites per central galaxy, at S/N = 8.8.
3.2. Dependence on Primary Luminosity
To test the dependence of the satellite population on
primary luminosity, we split the full sample into two sub-
samples: 66 bright primaries with MK ≤ −23.5 and
208 fainter primaries with MK > −23.5. The aver-
age Ks magnitudes for the two samples are −24.1 and
−22.5, corresponding to luminosities of 9.3 × 1010 and
Figure 2. Average excess counts per galaxy in bins of projected
radial separation Rp, for the full sample of 274 primaries. The
top panel shows the excess counts in each bin, the middle panel
shows the cumulative excess counts within a given projected sepa-
ration, and the bottom panel shows the signal-to-noise ratio of the
cumulative excess.
2.1 × 1010L⊙,K respectively. The top panel of Fig-
ure 3 shows the cumulative number over-density profiles
for each subsample. Red (short-dashed) lines indicate
the brightest primaries, blue (long-dashed) lines indicate
fainter primaries, and black (solid) lines show the aver-
age for the whole sample. The bottom panel shows the
S/N of each cumulative detection. As before, our error
bars assume Poisson errors in the counts per bin. We
find a strong dependence in the number of associated
satellites on primary magnitude, with the brightest 25%
of the sample having a cumulative count of associated
satellites 3 times higher than the remaining 75% of the
sample. The shape of the cumulative number profile also
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Figure 3. Cumulative excess counts per galaxy in bins of pro-
jected radial separation, as a function of primary magnitude. The
top panel shows the cumulative excess, and the bottom panel shows
the corresponding signal-to-noise ratio. Red short-dashed lines in-
dicate bright primaries (MK ≤ −23.5), blue long-dashed lines in-
dicate faint primaries (MK > −23.5), and black solid lines indicate
the counts for the whole sample.
changes slightly with primary magnitude; in bright sys-
tems counts appear to rise out to projected separations of
500–600kpc, whereas for the fainter primaries they reach
a maximum by 400kpc. Primaries with Ks-band mag-
nitudes MKs ≤ −23.5, shown in red, have the greatest
signal of 10.2± 1.4 galaxies in excess of the background
at a signal-to-noise of ∼ 7 in the 500–550kpc projected
radial separation bin. Primaries withMKs > −23.5 have
3.7± 0.6 satellites each within a projected radius of 350–
400kpc, where the S/N reaches a maximum of ∼ 6.
3.3. Dependence on Primary Morphology
We also split our primary sample by morphology into
elliptical/S0 (T ≤ 0; 73 in total) and spiral (T > 0;
201 in total) types, as determined by the Atlas3D survey
(Cappellari et al. 2011). These two samples have almost
identical mean magnitudes and rms scatter in the K-
band (MK = −22.87 ± 0.88 and MK = −22.88 ± 0.90
respectively). As before, the cumulative excess counts
for each case are shown in Figure 4. Elliptical primaries
appear to have more satellites than spirals (∼ 7.6± 1.4,
vs. 4.1 ± 0.65), spread out over a slightly larger spatial
scale (∼650kpc vs. 400kpc, or a factor of 1.6). Although
the contrast between the two subsamples is less marked
than in the previous section, the difference in abundance
and clustering scale suggests that they occupy halos of
different mean mass. The right-hand panel of figure 4
shows the radial distributions relative to their value at
600kpc (corresponding to approximately 2Rvir for our
sample on average), to emphasize the steeper rise in
counts with radius around spiral primaries. Although
the signal-to-noise is low in our split samples, if we take
the difference in clustering scale at face value it sug-
gests a difference in halo mass of ∼4 (= 1.63) at fixed
stellar mass. Thus, we find tentative evidence for mor-
phological dependence in the ratio of luminosity to dark
matter halo mass. This could indicate differences in the
mass-to-light ratios of the stellar populations, or a more
fundamental difference in the stellar-to-halo-mass ratio
(Leauthaud et al. 2012). The result is only of marginal
(2.5σ) significance, however, and it could also be that a
few massive systems are biasing our subsample of ellipti-
cals and S0s. With an all-sky sample or deeper imaging
around our current sample, we should be able to test for
this effect more convincingly.
3.4. Dependence on Satellite Colour
Finally, we can attempt to determine how the cluster-
ing signal varies with satellite colour. We might expect
red and blue satellites to cluster on different scales, given
the morphology-density relation observed in the Local
Group (e.g. McConnachie 2012). In large samples, the
clustering amplitude of brighter satellites also depends on
secondary as well as primary colour (e.g. Wang & White
2012). Testing colour cuts on our background sample,
however, we find that most (∼85%) of the clustering sig-
nal comes from blue (g − r ≤ 0.6) satellites. This is pre-
sumably due to our size cut, blue galaxies being larger at
fixed luminosity. As it is, the clustering signal for blue
satellites is similar to the signal for the whole sample,
while the signal-to-noise for red satellites alone is too
low to detect any obvious differences.
4. THE RELATIVE LUMINOSITY FUNCTION
Our final goal is to construct a relative luminosity func-
tion for our satellite population, that is the mean num-
ber of satellites per primary with magnitudes in some
range relative to the primary, N(∆m) where ∆m =
msat − mmain. This function, considered previously by
many other groups (e.g. Liu et al. 2011; Lares et al. 2011;
Guo et al. 2011; Nierenberg et al. 2011; Guo et al. 2012;
Strigari & Wechsler 2012 – see Nierenberg et al. 2012 for
a summary) provides an interesting point of comparison
to the relative mass function N(Msat/Mmain) often stud-
ied in CDM simulations. In order to compare directly
with the previous results we calculate the magnitude dif-
ference in the SDSS r-band, using primary r magnitudes
estimated as discussed in section 2.1.
The Milky Way is the obvious point of comparison
for relative luminosity functions, and most previous au-
thors have defined subsamples of their data thought to
match its properties, in particular its luminosity in the
r-band. The luminosity usually assumed corresponds
to a total magnitude of Mr,MW ∼ −21, based on the
V -band magnitude estimate from van den Bergh (2000)
(e.g. Liu et al. 2011). This is comparable to the mean r
magnitude of our bright (MK ≤ −23.5) sample, 〈Mr〉 =
−21. The mean halo mass of the bright sample, when
estimated as described in section 2.1, is probably 3–4
×1012M⊙, however – that is twice the mass of the Milky
Way’s halo. Furthermore, our bright sample also includes
at least a few systems with much larger halo masses of a
few times 1013M⊙. Thus, the Milky Way may be inter-
mediate between the average properties of our bright and
faint subsamples. To provide a reasonable point of com-
parison, we define an intermediate sample in the r-band,
of the 143 primaries withMr = −21±1. This intermedi-
ate sample has a LK = 4.7× 10
10L⊙, suggesting a mean
halo mass of 1.5–2×1012M⊙, closer to the estimates of
the Milky Way’s halo mass.
Figure 5 shows the excess counts for the ‘Milky-Way-
like’ sample with Mr = −21 ± 1 (solid magenta line
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Figure 4. Left: As figure 3, but for primaries split by morphology. Red short-dashed lines indicate ellipticals and S0s (T ≤ 0), blue
long-dashed lines indicate spirals (T > 0), and black solid lines show the counts for the whole sample. Right: Cumulative excess counts for
the two morphological types. Note these are normalized at 550–600 kpc (approximately 2Rvir for the median halo mass).
Figure 5. Top panel: Cumulative excess counts per galaxy in bins
of radial separation, for primaries with Mr = −21 ± 1 (magenta
solid lines with error bars), compared with the bright subsample
(short-dashed red lines), the faint subsample (long-dash blue lines),
and the entire sample (dotted black lines). Bottom panel: The
corresponding signal-to-noise ratios.
with error bars), compared with our full sample (dotted
black line), and the Ks-band bright and faint subsam-
ples (red and blue short and long-dashed lines respec-
tively). The counts are intermediate between the bright
and faint samples, and increase out to at least 500kpc.
Overall, the largest signal-to-noise ratio of ∼ 6 occurs at
Rp ∼ 400 kpc, where we find an excess of 4.9± 0.8 galax-
ies above the background, (although the signal-to-noise
ratio remains similar out to 600kpc, where the excess is
6.7 ± 1.2 galaxies). For the calculation of the relative
luminosity function we will include counts between pro-
jected radii of 50 and 400kpc, to maximize the signal-
to-noise for the Milky-Way-like sample while avoiding
possible contamination from the primary.
4.1. Optimal Weighting
Splitting the satellite sample into many ∆mr magni-
tude bins greatly reduces the signal-to-noise, particularly
for smaller subsamples of the primaries. Due to the dras-
tic reduction in number counts per bin, we run into the
problem of extremely noisy background estimates. To
overcome this we use a mean background model to de-
termine the relative excess in counts.
First, we construct an apparent (r-band) luminosity
function for all the SDSS galaxies in our satellite sample.
For a given primary of magnitude mr,main, we then cal-
culate the fraction of the sample which would lie within
a relative offset ∆mr ofmr,main. Finally we multiply this
fraction by the total background counts around the pri-
mary. This gives us a smoother estimate of the average
background expected in a single ∆mr bin.
The S/N in a given bin can still vary strongly from
one primary to the next, particularly since our primary
galaxies are at different distances, and thus the magni-
tude limit of the survey will exclude different ∆mr bins
for different primaries. To produce an optimal estimate
of the mean luminosity function, we calculate the average
satellite count in each bin using inverse-variance weight-
ing for the contributions from individual primaries. Thus
the average count in bin i, ni is calculated using:
ni =
∑n
j=1
(
ni,j/σ
2
i,j
)
∑n
j=1
(
1/σ2i,j
) (3)
where ni,j is the unweighted count for primary j in bin i,
and σ2i,j is the uncertainty in the counts for that primary
and bin.
4.2. Comparison to Previous Work
Figure 7 shows the cumulative relative luminosity
function in r-band magnitude, N(∆mr), for our bright
(MK ≤ −23.5) and faint (MK > −23.5) subsamples
(left-hand panel blue and red points respectively). Only
satellites between projected radii of 50 and 400kpc are
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Figure 6. Left: The relative luminosity function, that is the excess counts per primary binned by ∆mr , the difference in r magnitude
between the satellite and the primary, and cumulated in magnitude. Red indicates bright primaries; blue indicates faint primaries. Averages
and error bars are calculated using simulated background counts and inverse-variance weighting, as described in the text. Right: The same
for a ‘Milky-Way-like’ sample with Mr = −21 ± 1, compared with the relative luminosity function for the Milky Way, with size and
magnitude cuts (solid blue line), a magnitude cut only (dashed red line), or no cuts on size or magnitude (dotted magenta line).
included. The errors bars are the uncertainty in the
inverse-variance weighted average. As discussed previ-
ously, the Milky Way may be intermediate between these
two samples; the right-hand panel shows the average lu-
minosity function for the Milky-Way-like sample with
Mr = −21±1 (points with error bars). The solid blue line
shows the relative luminosity function for known Milky
Way satellites, with cuts in size, magnitude, colour and
projected radius applied as in our earlier ‘Local Group
comparison’ sample (see section 2.2). The dashed red
and dotted magenta lines show the relative luminosity
function for Milky Way satellites with only a magnitude
cut, or with no cuts at all, respectively.
The relative luminosity function has been measured
previously around more distant samples of primaries,
down to ∆mr ∼ 8. Nierenberg et al. (2011) measured
down to ∆mr = 6 around GOODS ellipticals at red-
shifts 0.1–0.8, for instance; Lares et al. (2011) measured
to ∆mr = 7–8 in SDSS for galaxies at z = 0.03–0.1 (i.e.
distances of 120–400Mpc); Guo et al. (2011) made simi-
lar measurements over a wider range of primary luminos-
ity and out to z = 0.5; Strigari & Wechsler (2012) mea-
sured down to ∆mr = 8, but also obtained upper limits
on the satellite abundance down to ∆m = 10. These
results are summarized in Nierenberg et al. (2012), who
also show measurements down to ∆mr = 8 from COS-
MOS HST images (see also work since by Wang & White
2012; Jiang et al. 2012). A number of studies have
also considered separately the abundance of brighter,
LMC-like satellites with ∆m =3–5 (e.g. Liu et al. 2011;
Prescott et al. 2011; Sales et al. 2013; Guo et al. 2012).
Below ∆m = 8, the only discoveries outside the Local
Group have been serendipitous (e.g. James & Ivory 2011,
who identified four individual satellites below ∆m = 8
using narrow-band Hα imaging, but were only complete
to ∆m ∼ 5). Thus, our result extends most previous
measurements of satellite abundance by 4–5 magnitudes
further down the luminosity function.
Previous work reached several general conclusions
on the relative luminosity function, as reviewed in
Nierenberg et al. (2012). Satellite counts are reasonably
well fit by a Schechter function, with a shallow power-
law slope at intermediate magnitudes (e.g. Lares et al.
2011 measure α = 1.3 ± 0.2), which may steepen at the
faint end, below ∆m = 5–6. On average the slope is
steeper than those measured for satellites of the Milky
Way or M31, with slightly fewer bright satellites above
∆m = 6, and more satellites below this. The normal-
ization depends strongly on primary luminosity, partic-
ularly at the bright end where the number of satellites
with ∆m < 5 varies by factors of several, e.g. between a
sample with logM∗,main = 10.5 − 11 and a sample with
logM∗,main = 11−11.5 (Nierenberg et al. 2012, figure 7).
The variations in slope and normalization at the faint end
are less clear. There is a weaker dependence on primary
colour or morphology, with red primaries having more
satellites at a given ∆m. There appears to be little or no
dependence on the redshift of the sample, at least out to
z . 1.
Our results are roughly consistent with these trends,
though with some interesting differences. We find less
variation in normalization between our bright and faint
samples, possibly because they are both at the faint end
of the range studied in previous work. Our isolation
cuts may also bias our bright sample to lower mean halo
masses than purely magnitude-selected samples. Our
Milky-Way-like sample is similar to the lowest luminos-
ity bin of Guo et al. (2011), however, and for it we find
results consistent with theirs over the range ∆m = 1–6
(see their figure 7). For our bright sample, the cumu-
lative counts rise as a power law below ∆m = 6, as
seen in Nierenberg et al. (2012). The faint end rise is
steeper than seen for the satellites of the Milky Way,
once our cuts in size, magnitude and colour are taken
into account (solid blue curve in the right-hand panel).
The Milky Way also has an excess of bright, Magellanic-
Cloud-like systems with ∆m < 6, although this is only
significant for the LMC itself after our cuts are taken
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into account. Intriguingly, however, we find that fainter
primaries have a flatter relative luminosity function, and
more satellites with ∆m ≤ 4. This suggests that satel-
lites like the Magellanic Clouds might be somewhat less
exceptional if the luminosity and/or mass of the Milky
Way had been over-estimated. We note recent work by
Gonzalez et al. (2013) shows that less massive halos are
also more likely to host a close pair of subhalos with sep-
arations and velocity differences as small as those of the
Magellanic Clouds.
We note however several caveats when comparing our
measured luminosity function to that of the Milky Way
or M31. First, our cuts in size and magnitude, required
to eliminate the large number of background galaxies,
will also exclude the most compact dwarfs. We have
also cut out the innermost annulus (Rp = 0–50kpc)
to remove contamination from bright globular clusters
and HII regions, as distinguishing these from satellites
in a systematic way would require detailed photometric
and/or morphological analysis. In the case of the Milky
Way, this could remove several nearby satellites from our
sample, depending on the projection considered. Com-
paring the three curves in the right-hand panel of Figure
7, we conclude that our final counts may be incomplete
by a factor of 2–3 due to the size, magnitude, colour and
projected separation cuts. On the other hand, the rela-
tive luminosity functions for the Local Group primaries
may be slightly incomplete as well, particularly below
∆m ∼ 10. Overall, our results provide a measurement of
the abundance of extended satellites around galaxies like
the Milky Way down to ∆m ∼12–13, that is Mr = −9
to −8, as well as a lower bound on the total abundance
of all satellites.
4.3. Spectroscopic Confirmation
Clustering on the sky gives only statistical evidence
for association between faint and bright galaxies. It is
natural to want to confirm this for individual objects,
using redshifts. Given the magnitude range and spatial
distribution of our satellites, this will be logistically chal-
lenging. We can obtain redshifts for a small number of
the brightest satellites from SDSS itself, however. The
limiting r-band magnitude of the SDSS spectroscopic
catalogue is 4.5 magnitudes brighter than that of the
photometric catalogue, so we will only be able to detect
the satellite population down to ∆m ∼ 7–8, but we can
nonetheless use these bright objects to check for consis-
tency with our clustering results.
Selecting all galaxies with spectra within Rp = 1Mpc
of our primaries, and applying the same cuts in size,
magnitude and colour to the spectroscopic catalogue as
we have the photometric catalogue, we find a total of
7732 objects at all redshifts around 244 of our primaries.
Using primary redshifts from SDSS or the NASA/IPAC
Extragalactic Database3, we calculate the velocity offset
∆V = Vsat − Vmain. The left panel of figure 7 shows the
distribution of ∆V versus Rp, for the 1159 objects with
|∆V | < 1200 km/s. An over-density of points is clearly
visible at |∆V | < 200 km/s, corresponding roughly to
the velocity dispersion of our primary halos. (We note
that the area sampled increases linearly with Rp, explain-
ing why there is also a horizontal gradient in density
3 NED – http://ned.ipac.caltech.edu
across the plot.) Not all the objects with small ∆V are
satellites, however; this can be inferred from the fact
that the overdensity extends all the way out to 1Mpc
projected separation. In fact, this overdensity at large
radii and small ∆V corresponds to the ‘two-halo term’
in galaxy clustering. The characteristic spatial scale of
the two-halo term for our primaries is roughly 4Mpc,
which translates into a redshift range of ±300km/s.
Some fraction of the objects with small velocity off-
sets are genuine satellites. We can see this by combining
clustering measurements in both position and velocity
space. The right-hand panel of figure 7 shows the distri-
bution of velocity offset for objects within three different
radial ranges, 0–400, 0–200, and 0–100kpc respectively
from top to bottom (solid lines). The dotted line shows
the distribution of velocity offset for Rp =500kpc–1Mpc,
rescaled to the three other distributions so that they
agree at large ∆V . The inner radial bins show a clear
excess of objects at ∆V . 200km/s relative to the distri-
bution at large projected radii. The excess corresponds
to ∼ 100 satellites within 100 or 200kpc projected, or 0.4
satellites per primary galaxy. Our photometric results
indicate we should have 1–2 satellites within these radii,
down to ∆m ∼ 12; given the shape of the relative lumi-
nosity function we expect the numbers at ∆m =7–8 to
be down by a factor of 3–4 relative to those at ∆m = 12,
so the abundance of spectroscopic satellites seems consis-
tent with the clustering measured from the photometric
catalogue. This provides an additional consistency check
of our previous results, down to ∆mr ∼ 8.
Overall, the distribution of velocity offsets shown in
the right-hand panel of figure 7 can be understood as
the sum of a two-halo term which follows the dotted line,
and a one-halo term responsible for the excess at small
radii. This illustrates a practical complication in con-
firming the association of satellites with primaries. Since
the spatial extent of the two-halo term along the line of
sight translates into a velocity offset comparable to the
expected velocity dispersions of our primary halos, sepa-
rating the one- and two-halo components requires some
caution. Even at relatively small projected separation
(Rp < 100 kpc), the two-halo term still contributes 15-
25% of the excess counts at ∆V ≤ 200km/s.
5. SUMMARY AND FUTURE PROSPECTS
The faint satellites of bright galaxies such as the Milky
Way and M31 provide an important test of galaxy for-
mation models within the CDM framework. Unfortu-
nately, few other samples of faint dwarfs exist compa-
rable to those in the Local Group. Several groups have
made progress on this problem recently, identifying the
brighter satellites of large numbers of isolated luminous
galaxies. Using a very local sample of bright galaxies, we
have extended this work 4–5 magnitudes down the lu-
minosity function, to satellites 12–13 magnitudes fainter
than their primaries. Although the sample is incomplete,
it gives us a partial estimate of the satellite luminos-
ity function down to the bottom of the ‘classical’ dwarf
range, Mr ∼ −8, and rules out a population of faint,
moderately extended dwarfs more than 2–3 times larger
on average than that currently known in the Milky Way
system.
We have shown in particular that it is possible to detect
very nearby satellites using relatively shallow photome-
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Figure 7. Left: Velocity offset from the primary ∆V versus projected separation Rp, for the (brightest) satellites with spectroscopic
redshifts. Right: Number of objects with velocity offsets less than ∆V , in radial ranges Rp = 0–100 kpc (lower red curve), 0–200 kpc
(middle magenta curve), or 0–400 kpc (upper blue curve). The dotted line shows the distribution of ∆V at large radii (500 kpc–1Mpc),
normalized to match each distribution at large values of ∆V .
try. The key to reducing background contamination is a
magnitude-dependent size cut, which for very nearby sys-
tems selects out relatively low-surface-brightness dwarfs.
For nearby, faint galaxies, this is more effective than se-
lection using SDSS photometric redshifts, which can have
errors of ±0.05 (±200Mpc) or more. The result is a
strong clustering signal, corresponding to a large popu-
lation of satellites per primary. We note however that
the satellite sample is incomplete by construction, ex-
cluding the most and least compact objects. Given our
cuts, we find 4.65± 0.53 satellites per primary in our full
sample. Although we lack the signal-to-noise to measure
an accurate radial profile, the projected distribution is
consistent with an isothermal or NFW profile, extending
out to ∼400kpc.
Splitting our primary sample by luminosity, the 25%
brightest primaries (MKs ≤ −23.5) have ∼3 times more
satellites than the fainter primaries, in a distribution ex-
tending out to 500–600kpc. Abundance matching and
weak gravitational lensing suggest the mean halo mass of
our whole primary sample is∼ 1×1012M⊙, and the mean
virial radius should be 250kpc (though some dynamical
studies of satellites give a slightly higher mass estimate
– cf. More et al. 2011, as discussed in Leauthaud et al.
2012). The bright subsample should occupy halos 3–4
times more massive than those of the fainter primaries,
with a virial radius of ∼400kpc, although our isolation
criteria may bias the mean mass of the sample slightly.
Given these mass estimates, our satellite detections ex-
tend out to 1–1.5 virial radii in projection, and satellite
abundance varies approximately linearly with halo mass.
The former result is consistent with expectations from
simulations; the linear dependence of abundance on halo
mass is probably an accidental consequence of the halo
mass range sampled. Over a larger range the relation-
ship between stellar and halo mass ratio changes slope,
affecting satellite abundance (e.g. Sales et al. 2011).
Splitting the sample by morphology, the ellipticals ap-
pear to have 85% ± 35% more satellites than spirals,
clustered on a larger spatial scale of 500–600kpc, even
though the average primary luminosities of the two sub-
samples are equal. Thus, we find evidence for a morpho-
logical dependence of the stellar luminosity to halo mass
ratio, albeit at marginal statistical significance. This
could reflect differences in the mass-to-light ratio of the
stellar populations, or possibly a more fundamental dif-
ference in the stellar-to-halo mass ratio.
One slight puzzle is the colour range of our satel-
lite population; the majority of the satellites appear
to be blue (g − r < 0.6) as opposed to red (g − r ≥
0.6). Guo et al. (2011) found similar results, but only
for brighter satellites (∆m ≤ 6). In subsequent work
(Guo et al. 2012) they also showed that red satellites
cluster more strongly than blue satellites, so it may be
that a larger fraction of red satellites are excluded by
our inner radial cut at 50 kpc. Our size cut probably has
the largest effect on the colour distribution, however; we
expect that a looser cut on size would reveal more of the
faint red dwarf spheroidals common in the Local Group.
Nonetheless, understanding the colour dependence of the
abundance and spatial distribution of satellites remains
problematic, as discussed in the most recent work by
Guo et al. (2013).
Beyond this statistical detection of the satellite pop-
ulation, confirming the identity of individual satellites
will be challenging. While satellites could in principle
be identified spectroscopically, the field sizes and magni-
tude limits make this prohibitively expensive for a large
sample of primaries. Furthermore, because the two-halo
clustering scale maps onto a line-of-sight velocity range
comparable to the internal velocity dispersion of a bright
galaxy halo, separating satellites from interlopers is not
completely trivial even with full velocity information, as
discussed in the preceding section.
It would be easy, however, to obtain deeper photom-
etry on many or all of our target fields. These extend
our 1–2 degrees around each primary, and are well-suited
to large-area cameras such as MegaCam (Boulade et al.
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2003) or Hyper Suprime-Cam (Takada 2010). Surveys
with these instruments could extend the clustering mea-
surement around a nearby sample like the Atlas3D sam-
ple down to larger ∆m, or they could compile better
statistics on a larger sample of primaries 2–3 times fur-
ther away. The only uncertainty in making projections
for such follow-up work is to determine the efficiency of
the size cut for different distance ranges and magnitude
limits. Larger samples would be invaluable, however, to
clarify the detailed radial distribution, anisotropy, and
colour distribution of faint satellites, halo-to-halo varia-
tions, and the link between faint satellites and primary
properties. One intriguing idea is to use faint satel-
lite counts as a proxy for halo mass, since simulations
suggest the two should correlate reasonably well over
certain ranges of primary and satellite luminosity (e.g.
Nickerson et al. 2013). While the potential accuracy of
this method is unclear, it might just be possible to test
it directly at slightly larger distances than those con-
sidered here by combining clustering measurements with
optimally weighted galaxy-galaxy lensing.
Larger samples of faint satellites would provide useful
input to models of galaxy formation as well. A particu-
larly important goal, as discussed in the introduction, is
to understand what produces the cutoff in the efficiency
of galaxy formation. If galaxy formation is stochastic
on small scales, for instance, as suggested both by spa-
tial clustering (Taylor et al. 2004; Kravtsov et al. 2004),
and by rotation curves or velocity dispersion profiles
(Boylan-Kolchin et al. 2011), what is the hidden vari-
able, if any, that determined which subhalos form stars?
The Local Group doesn’t have enough faint objects to
distinguish easily between alternate models, and may not
be representative in any case, so finding well-sampled Lo-
cal Group analogues is essential in the longer term.
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